Background {#Sec1}
==========

The well-known disease preventive and therapeutic potential of herbal medicines and foods rich in fruits, vegetables, and unrefined grains has been linked to their phytochemical content that often produce a pleiotropic physiological effects, targeting almost every molecular signaling pathway \[[@CR1]--[@CR3]\]. Among the vital pathways modulated by phytochemicals are the peroxisome proliferator-activated receptors (PPARs) and the nuclear factor kappaB (NF-κB) mediated signaling pathways.

Many dietary phytochemicals are PPAR activators and ligand binding to PPARs has been proven to control several pathological conditions linked with obesity, aging-related diseases, inflammation, immune disorder, cell cycle regulation as well as cancer \[[@CR4]\]. The PPARs are a subfamily of ligand activated transcription factors that belong to the nuclear receptor superfamily. In mammals, three major PPAR isoforms (α, β /δ, and γ) control the expression of diverse genes involved in metabolic homeostasis, adipogenesis, and inflammation \[[@CR5]--[@CR9]\]. PPAR dependent regulation of transcriptional activity is mediated by PPAR:retinoid X receptor (RXR) heterodimers \[[@CR10]\]. Upon ligand activation, the PPAR/RXR heterodimers, which are bound to specific DNA sequence elements termed peroxisome proliferator response elements (PPREs) in the regulatory region of their target genes, recruit specific cofactors, thereby stimulating the transcription of target genes \[[@CR10]--[@CR12]\]. PPAR ligand binding leads to interactions with co-activators and/or co-repressors to induce or inhibit their functions. The function of PPARs is mainly regulated through ligand binding but also by some post-translational modifications such as phosphorylation, SUMOylation, ubiquitination, and acetylation which are found at numerous modification sites \[[@CR13]\].

PPARs control lipid metabolism and inflammation \[[@CR10], [@CR14]\]. Particularly, PPARγ activation is linked with beneficial health effects, including insulin-sensitization and immunomodulation with anti-inflammatory properties \[[@CR12], [@CR15]\]. While all three PPAR isotypes demonstrate anti-inflammatory effects, PPARγ was the first for which the mechanism by which it inhibits inflammation was elucidated \[[@CR10], [@CR16]\]. PPARγ undergoes ligand-dependent SUMOylation that results in its recruitment to the promoters of inflammatory genes where it inhibits transcription by stabilizing corepressor complexes. By this mechanism, PPARγ was shown to inhibit gene expression, in macrophages, of the NF-κB mediated inflammatory genes including the inducible nitric-oxide synthase (iNOS) gene \[[@CR16], [@CR17]\]. Likewise, PPARγ agonists attenuate the induction of iNOS expression by lipopolysaccharide (LPS) \[[@CR17]\].

The NF-κB family of transcription factors are master regulators of immune and inflammatory processes \[[@CR18]--[@CR20]\] that induce the expression of various pro-inflammatory genes, including those encoding cytokines and chemokines \[[@CR9]\]. For example, cytokines and gram negative bacterial endotoxins such as LPS were shown to cause NF-κB mediated induction of inducible nitric-oxide synthase (iNOS) gene expression and increased production of nitric oxide (NO) \[[@CR21], [@CR22]\]. Activating PPARγ gene expression or inhibiting NF-κB pathways likely has a protective effect against inflammatory diseases \[[@CR23]\] and PPARγ agonists were shown to demonstrate anti-inflammatory effects \[[@CR24]\] and inhibition of iNOS \[[@CR25]\] by interfering with the NF-kB signalling pathways \[[@CR26]\].

*Maerua subcordata* (Gilg) DeWolf (Capparidaceae/Capparaceae) is a medicinal and (famine) food plant. Its root tuber and leaf parts are used in traditional medicine to treat infections and for wound healing. Moreover, the root tuber is used to treat diabetes, high blood pressure, and allergic disorders as well as to improve appetite \[[@CR27]\]. Inflammation is a common contributor to the pathology of all these disease conditions. It is now widely appreciated that low-grade chronic inflammation plays a key role in the initiation, propagation, and development of metabolic diseases, mainly in relation to obesity and type 2 diabetes, the metabolic syndrome, cancer, and cardiovascular diseases \[[@CR18], [@CR28], [@CR29]\]. Although cure of inflammatory diseases is a significant challenge, medicinal herbs used in traditional medicine may signify a possible option for obtaining effective anti-inflammatory therapies \[[@CR30]\]. Especially, Brassica vegetables are known for their preventive role against these inflammation related disorders, mainly due to their glucosinolate content. Glucosinolate hydrolysis products, the isothiocyanates, are known to play important roles in disease prevention by triggering antioxidant and anti-inflammatory responses, among others \[[@CR31]--[@CR34]\]. In our previous work, the nuclear factor (erythroid-derived 2)-like 2 (Nrf2) mediated antioxidant effect of *M. subcordata* different extracts and the presence, in these extracts, of phytochemicals such as glucosinolates was reported \[[@CR35]\]. Thus, taking the above viewpoints into account, the present study is aimed to identify further endpoints that signify health benefits by assessing the potential of *M. subcordata* extracts and selected candidate constituents thereof, for induction of PPARγ mediated gene expression and inhibition of NF-kB/iNOS mediated NO production in LPS-activated RAW264.7 macrophages.

Methods {#Sec2}
=======

Chemicals and reagents {#Sec3}
----------------------

Arecaidine hydrochloride was from Alfa Aesar (Karlsruhe, Germany); N-acetylagmatine from Cayman Chemicals-Europe (Sanbio Uden, The Netherlands); glucobrassicin potassium salt, stachydrine hydrochloride, and trigonelline hydrochloride from PhytoLab (Vestenbergsgreuth, Germany); agmatine sulfate, anthranilic acid, azeleic acid, bovine serum albumen (BSA), dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide (MTT), ethanol, indole-3-carboxaldehyde, isothiocyanates (methyl-, ethyl-, isobutyl-, isopropyl-isothiocyanates), geranylgeranylacetone, 9-hydroxyoctadecadienoic acid, α-linolenic, α-lipoic acid, lipopolysaccharide (from *Escherichia coli* 055:B5-γ-irradiated, BioXtra, suitable for cell culture), N-1-napthylethylenediamine dihydrochloride (NED), petroselinic acid, pipecolic acid, rosiglitazone, sclareol, stigmasterol, RRR-α-tocopherol, and Viscozyme L were from Sigma-Aldrich (Germany and The Netherlands), sulfanilamide (Sigma, China); ortho-phosphoric acid 85% and sodium nitrite were from Merck (Darmstadt, Germany). Minimum Essential Medium alpha 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F12 medium (DMEM/F12)(with and without phenol red), foetal calf serum (FCS), and Phosphate Buffered Saline (PBS) were from Gibco life technology (Paisley, UK); trypsin, nonessential amino acids (NEAA), and G418 were from Invitrogen Corporation (Breda, The Netherlands); and dextran-coated charcoal-stripped foetal calf serum (DCC-FCS) was purchased from Thermo Scientific (Waltham, USA).

Plant material {#Sec4}
--------------

Different parts of *M. subcordata* (fruit, leaf, root tuber, and seed) were collected near Shiraro area (14.3970° N, 37.7743° E) of Northwest Tigray, Northern Ethiopia. *M. subcordata* is a wild shrub, sometimes considered as invasive weed, which does not raise concerns of endangered or protected species. Collection of plant material was made from unreserved and publically open area where the local traditional healers also collect their target medicinal plants and hence no special permission was required to make the collection. Plant authentication was performed by Mr. Melaku Wendafrash in the National Herbarium at Addis Ababa University, Addis Ababa, Ethiopia where a specimen (Voucher number MG001/2007) was deposited. The plant parts were sorted and dried in the laboratory of Pharmacognosy, Mekelle University, Mekelle Ethiopia. The root tuber was sliced into small pieces after its outer thin coating was peeled and the sliced pieces dried in an oven at a temperature of 40 °C for four days. The other parts (fruit, leaf, and seed) were dried in the shade at room temperature and seeds were taken out of fruits after drying. The dried plant materials were packed in plastic bags, and stored at room temperature on shelf until they were transported to Wageningen University, The Netherlands; where they were powdered: each dried plant part was splashed with liquid nitrogen to remove moisture and facilitate powdering, and then powdered using an analytical miller. Each powdered plant material was mixed well, packed in capped plastic tubes, and stored at − 80 °C until further use.

Cell lines {#Sec5}
----------

Cytotox CALUX and PPARγ2 CALUX cells (Bio Detection Systems, Amsterdam, The Netherlands) as well as RAW264.7 murine macrophage-like cells (American Type Culture Collection) were used in the present study. The cytotox CALUX cells are human osteosarcoma U2OS cells stably transfected with a reporter construct carrying a luciferase reporter gene under transcriptional control of a constitutive promoter. They have an invariant luciferase expression and serve to determine cytotoxicity and to investigate whether stabilisation of the luciferase enzyme is occurring during chemical exposure \[[@CR36], [@CR37]\]. The PPARγ2 CALUX cells are human osteosarcoma U2OS cells stably transfected with an expression vector for PPARγ2 and a reporter construct containing a luciferase gene under transcriptional control of the peroxisome proliferator responsive element \[[@CR38], [@CR39]\]. Both PPARγ2 and Cytotox CALUX cells were cultured in DMEM/F12 glutamax supplemented with 7.5% FCS, and 1% NEAA. Once per week 200 μg/mL G418 was added to the culture medium in order to maintain selection pressure \[[@CR38]\]. RAW264.7 cells are from a macrophage-like cell line derived from Balb/c mice. They maintain many of the properties of macrophages including nitric oxide production \[[@CR40]\]. The RAW264.7 cells were grown and maintained in DMEM/F12 glutamax supplemented with 10% FCS, and 1% NEAA \[[@CR41]\]. All cell lines were incubated at 37 °C and 5% CO~2~.

Preparation of extracts {#Sec6}
-----------------------

Enzyme (Viscozyme L) hydrolysed and non-hydrolysed methanol extracts from dried powders of *M. subcordata* fruit, leaf, root tuber, and seed samples were prepared following the procedure described by Gijsbers et al. \[[@CR36]\] and Hiben et al. \[[@CR35]\]. To prepare non-hydrolysed extracts, 3.4 ml methanol was added to 0.6 g plant material and vortexed. The mixture was sonicated (10 min), centrifuged (15 min, 1000 g), the supernatant of each sample filtered using 0.2 μm polytetrafluoroethylene (PTFE)-filters (Whatman, Germany), and freeze-dried after the methanol was evaporated under a stream of nitrogen. Dried extracts were stored at − 80 °C until further use. These extracts were re-dissolved in DMSO:DMEM (without phenol red)(1:2 v/v) \[[@CR36]\] when preparing exposure medium for the assays with CALUX cell lines and in DMEM when preparing exposure medium for the assays with RAW264.7 cells. To prepare enzyme hydrolysed extracts, 300 μl sodium acetate (0.1 M, pH 4.8) and 100 μl of Viscozyme L were added to 0.6 g plant material, followed by 1 h incubation in a water bath at 37 °C. Then, samples were put on ice and 3.0 ml methanol was added to each sample, followed by 10 min sonication and 15 min centrifugation at 1000 g. The supernatant was then filtered, freeze-dried and stored at − 80 °C until further use similar to the procedure for the non-hydrolysed extracts. These enzyme-hydrolysed extracts were re-dissolved in DMSO: DMEM (without phenol red) (1:4 v/v) \[[@CR36]\] while preparing exposure medium for the assays with CALUX cell lines.

CALUX assays {#Sec7}
------------

The PPARγ mediated gene expression induction potential of *M. subcordata* methanol extracts and selected candidate constituents was assessed by measuring induction of luciferase activity in PPARγ2 CALUX luciferase reporter cells. For each assay with PPARγ2 CALUX cells, an identical counter screen was done using the U2OS cytotox CALUX cells. Each plate included rosiglitazone (1 μM or 10 μM) as positive control and 1% (v/v) DMSO as a solvent control. In each well containing test samples, the final DMSO concentration was 1% (v/v). Assays were performed essentially as described by Gijsbers et al. \[[@CR38]\] and Beekmann *et al*. \[[@CR39]\]. Briefly, the CALUX cells were seeded in the 60 inner wells of a white 96-well view plate at a density of 1 × 10^4^ cells per well in 100 μl assay medium consisting of DMEM/F12 without phenol red supplemented with 5% DCC-FCS, and 1% NEAA. The outer 36 wells were filled with 200 μl PBS to maintain physical homogeneity throughout the plate. While screening fatty acids, cells were seeded with assay medium containing 50 μM vitamin E (prepared by adding 20 μL of a 50 mM RRR-α-tocopherol solution to 20 mL of assay medium). The seeded cells were incubated for 24 h to allow them to attach and form a confluent monolayer. The next day, 100 μl exposure medium containing the test samples was added to each well resulting in 200 μl assay medium per well. An assay medium containing 50 μM freshly added vitamin E and 0.1% BSA was used when preparing exposure medium containing fatty acids, and both positive and solvent controls. The vitamin E serves as an antioxidant to prevent oxidation of the unsaturated fatty acids while BSA facilitates the solubility and cellular availability of the fatty acids. After 24 h exposure, medium was removed, cells were washed with ½ PBS (PBS half diluted with nano pure water) and then 30 μl low salt buffer was added to each well with cells. The plates were subsequently frozen overnight at − 80 °C in order to lyse the cells. Then plates were thawed and luciferase activity per well in the lysate was measured in relative light units (RLU) using a luminometer (GloMax-Multi Detection System-Promega, USA) upon adding 100 μl per well of flash mix. Results were described as fold induction compared to the solvent control. Extracts or compounds giving less than twofold induction at the highest concentration that could be tested without cytotoxicity were considered unable to induce PPARγ - mediated luciferase gene expression.

### Alamarbleu (resazurin) assay {#Sec8}

In addition to the cytotox reporter gene assay, the cytotoxicity of test samples was evaluated by the Alamarbleu (resazurin) assay. Cytotox CALUX and PPARγ2 CALUX cells were cultured in 96 well plates in their appropriate medium, described above, for 24 h and then the cells were exposed to test samples for another 24 h. Then alamarbleu (resazurin) reagent solution (10% w/v in PBS) was added directly to the cells (10% v/v i.e. 20 μl reagent to 200 μl cells in medium). Following reagent addition, plates were covered by aluminium foil, incubated for 2 h after which fluorescence was measured (λex 570/λem 585) using a plate reader (Molecular Devices, Spectra Max M2) equipped with Softmax Pro software.

Inhibition of nitric oxide production in RAW264.7 macrophages {#Sec9}
-------------------------------------------------------------

The inducible nitric oxide synthase (iNOS) mediated nitric oxide production inhibition capacity of *M. subcordata* extracts and selected constituents was assessed using gram negative bacterial lipopolysaccharides (LPS)-stimulated RAW264.7 mouse macrophages. Assays were carried out essentially as described by Meijerink *et al*. \[[@CR41]\]. Briefly, adherent RAW264.7 macrophage cells were scraped, suspended in fresh medium, diluted to a final density of 5 × 10^5^ cells/ml, and seeded by pipetting 100 μl (5 × 10^4^ cells/well) of the cell suspension to the inner 60 wells of 96 well plates (transparent flat bottom). The outer wells were filled with 200 μl PBS and the plates were incubated for 24 h. Stock solutions of each extract (in DMEM) and each candidate compound (in DMSO) were used to prepare exposure medium by serial dilution using medium alone and medium with LPS (400 ng/ml), each test concentration diluted 1000x. After careful aspiration of the culture medium, cells were exposed to the test samples by pipetting 100 μl of exposure medium containing each test concentration in triplicate. The DMSO final concentration was set to be 0.1% (v/v). Two solvent controls (medium only and medium with 0.1% (v/v) DMSO) were used, both with and without LPS. After 24 h exposure, the supernatant medium in each well was transferred into a new plate to measure the nitrite level using the Griess assay and 100 μl fresh medium were added to the remaining cells which were used for the MTT assay to assess cell viability.

### The Griess assay {#Sec10}

*Assay principle*: in biological systems, NO is rapidly oxidized by oxygen to nitrite (NO~2~^−^) and/or nitrate (NO~3~^−^), its two primary, stable and non-volatile breakdown products. The measurement of nitrate/nitrite concentration is routinely used as an index of NO production \[[@CR42]\]. Measuring nitrite concentration, which relies on a diazotization reaction that was originally described by Griess in 1879, is a reliable method for quantifying NO production by cells \[[@CR43]\]. Nitrite is first treated with a diazotizing reagent, sulfanilamide (SA), in acidic media to form a transient diazonium salt which is then allowed to react with a coupling reagent, N-1-naphthyl-ethylenediamine (NED), to form a stable azo compound. The intense purple colour of the product allows nitrite quantification at concentrations as low as \~ 0.5 μM. The absorbance of this adduct at 540 nm is linearly proportional to the nitrite concentration in the sample \[[@CR42], [@CR44]\]. The present study followed this principle to measure the nitrite level, and thereby effects of test samples on NO production by cultured RAW264.7 macrophages*.* To this end, the supernatant of exposed cells in each well was transferred into a new plate. In empty rows of wells of the same plate, different concentrations (0 to 100 μM) of standard sodium nitrite were prepared in duplicate. Then 50 μl of 1%(w/v) SA in 5% phosphoric acid was added to all wells, and after 10 min incubation at room temperature, 50 μl 0.1%(w/v) NED dihydrochloride was added to all wells. Absorbance was measured at 540 nm using a plate reader (Molecular Devices, Spectra Max M2) within 10 to 30 min after reagent addition. NO production was estimated from the absorbance reading using an equation from a standard nitrite calibration curve. To show that induction of NO production by LPS was evident, exposures with and without LPS (LPS^+^ and LPS^−^, respectively) were related in each plate for each test concentration by comparing NO values of each test exposure (NO \[t\]) to NO value from LPS^+^ medium control, representing maximum LPS-induced NO production (NO \[M\]). As the value of NO \[M\] may vary for different tests, and also to present results from different tests in one graph, data were further harmonized by dividing the mean NO \[t\] by the mean NO \[M\] value so that the NO \[M\] value for all tests represent 100%. %NO production = (mean NO \[t\]/mean NO \[M\])× 100. For exposures with LPS, the %NO production values below 100% indicate inhibition of LPS induced NO production or otherwise cytotoxicity whereas values above 100%, if any, may indicate enhancement of LPS induced NO production by test samples. With the assumption that NO value from exposures to LPS^−^ medium control should represent background absorbance (0% LPS-induced NO production) while NO value from exposures to LPS^+^ medium control represent maximum measurement (100% LPS-induced NO production), percent inhibition of LPS-induced NO production by test samples was calculated from corrected NO values (background absorbance subtracted).

%Inhibition = {(meanNO \[Mc\] - mean NO \[tc\])/meanNO \[M\]}× 100, where mean NO \[Mc\] is the mean value of corrected NO production from exposure to medium plus LPS and mean NO \[tc\]) is the mean value of corrected NO production from an exposure to each test concentration.

### MTT assay {#Sec11}

The initial plates with the remaining cells were used in this assay. MTT reagent solution (5 mg/ml in PBS) was added directly to the cells (10% v/v i.e. 10 μl reagent/100 μl medium). Following reagent addition, plates were covered by aluminium foil, incubated for 1 h, after that medium was carefully aspirated and formazan crystals were dissolved in 100% DMSO after which absorbance was measured at 570 nm using a plate reader (Molecular Devices, Spectra Max M2) equipped with Softmax Pro software.

Metabolic profiling of *M. subcordata* extracts by LC-MS/MS {#Sec12}
-----------------------------------------------------------

The identification of constituents in the methanol extracts of *M. subcordata* (fruit, leaf, root, and seed) was achieved employing liquid chromatography (LC) coupled with multistage mass spectroscopy (MS) as described previously \[[@CR35]\]. Briefly, methanol extracts of different plant parts were subjected to LC-MS analysis and generated spectral data were uploaded to 'Ms Annotation based on in silico Generated Metabolites' (MAGMa) for structural annotation. MAGMa is an application software ([[http://www.emetabolomics.org/magma]{.ul}](http://www.emetabolomics.org/magma)) offered by Ridder et al. \[[@CR45]\] to help structural characterization of mixtures of metabolites present in complex extract samples. The MAGMa user interface displays alternative candidate structures, retrieved from Kegg, that are ranked on the basis of calculated matching score. The matching score helps to select candidate structures, from the user interface display, that are most probable constituents of the sample extracts. The identity of selected candidates was further confirmed and quantified by LC-MS/MS based on multiple reaction monitoring (MRM) and standard calibration curves. Optimum LC-MS/MS operating conditions were set using commercially available standard compounds. Varying concentrations of standard solutions, used to generate calibration curves, and filtered (0.2 μm polytetrafluoroethylene (PTFE)-filter) extract samples were analysed under identical conditions. The compounds of interest in the sample extracts were identified by their retention time and quantified based on calibration curves.

Data analysis {#Sec13}
-------------

For each experiment, at least three independent tests were performed. Graphs present the average of repeated tests. Data were analysed using Microsoft excel 2016. For the CALUX assays, data are expressed as fold induction over the solvent control, and presented as mean values ± standard deviation (SD). For assays with RAW264.7 macrophages, data are described as percent nitric oxide (NO) production or as percent inhibition of LPS induced NO production after subtracting the background absorbance from treatments without LPS. Each data point was measured, at least, in triplicate. Statistical significance was assessed using SPSS 23, paired samples statistics t-test. Moreover, the results from assays with RAW264.7 macrophages were compared by one-way analysis of variance (ANOVA) followed by Tukey HSD Post Hoc tests.

*P* ≤ 0.05 was considered statistically significant.

Results {#Sec14}
=======

Effect of *M. subcordata* methanol extracts on viability of U2OS CALUX cells {#Sec15}
----------------------------------------------------------------------------

Results of the resazurin assay (Fig. [1](#Fig1){ref-type="fig"}a) show that all the tested extracts up to a concentration of 30 gDW/L (gram dry weight per litre) were not cytotoxic (cell viability ≥80%) \[[@CR46]\] to both U2OS-Cytotox CALUX and U2OS-PPARγ CALUX cell lines. 30 gDW/L was used as screening concentration for the extracts in further reporter gene assays. Fig. 1Effect of *M. subcordata* extracts on viability and luciferase activity of U2OS-Cytotox and U2OS-PPARγ cells. Showing the effect after 24 h exposure to rosiglitazone (RG,10 μM), enzyme hydrolysed (eh) and non-hydrolysed (nh) methanol extracts of fruit, leaf, root and seed of *M. subcordata* tested at a concentration of 30 gDW/L. Cell viability (**a**) was measured by the resazurin assay with the viability of cells exposed to the solvent control (1% DMSO) set at 100%, and luciferase activity **(b**) was measured by the CALUX reporter gene assay and expressed as fold induction compared to solvent control. Data are presented as mean ± SD\` of three independent experiments. Asterisks indicate a significant difference from the solvent control: \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001

Induction of PPARγ mediated luciferase expression by *M. subcordata* extracts {#Sec16}
-----------------------------------------------------------------------------

Results of the U2OS-PPARγ CALUX assay (Fig. [1](#Fig1){ref-type="fig"}b) show that both enzyme hydrolysed (eh) and non-hydrolysed (nh) extracts from the fruit, root, and seed materials as well as rosiglitazone (positive control) increased luciferase activity compared to 1% (v/v) DMSO as a solvent control implying induction of PPARγ mediated gene expression, whereas the induction by the leaf extracts was minimal. For all plant parts, the enzyme hydrolysed extracts showed slightly higher increase in luciferase activity than the matching non-enzyme hydrolysed extracts. Generally, the seed extract showed the highest induction of PPARγ mediated gene expression followed by the root extracts and then the fruit extracts though the difference was not statistically significant. To monitor non-specific interference with luciferase activity or cytotoxicity by the extracts, a parallel test was done using the U2OS-cytotox assay. Unlike the resazurin assay that showed non-cytotoxic effects for all the tested extracts, the cytotox assay showed that the leaf extracts reduced luciferase activity (69 and 47% remaining luciferase activity compared to the solvent control for eh and nh extracts, respectively) implying that the leaf extracts may have caused cytotoxicity or may have interfered with luciferase activity, ultimately resulting in minimal increase in luciferase activity. On the other hand, the fruit, root, and seed extracts showed similar activity as the solvent control indicating the absence of cytotoxicity in line with the resazurin assay. As luciferase activity at 30 gDW/L in the U2OS-cytotox assays were similar to that of the solvent control for these extracts, it was assumed that the extracts were non-cytotoxic and did not interfere with luciferase itself. Thus, induction of PPARγ mediated gene expression by the fruit, root, and seed extracts observed in the U2OS-PPARγ CALUX assay was not caused by stabilization of the luciferase but reflected induction of gene expression.

Some selected candidate compounds in *M. subcordata* {#Sec17}
----------------------------------------------------

In an attempt to identify phytochemicals of *M. subcordata* with possible effect on the induction of PPARγ mediated gene expression and/or inhibition of inflammation pathways, LC-MS/MS analysis plus MAGMa software based structural annotation was done on the methanol extract of each plant part that resulted in the tentative identification of different constituents from which candidates were selected based on literature reports ([S1](#MOESM1){ref-type="media"} Table). Whereas the identification of constituents such as glucosinolates and some biogenic amines was reported in our previous work \[[@CR35]\], the present report provides additional candidate constituents including guanidine derivatives ([S1](#MOESM2){ref-type="media"}a Fig), quaternary ammonium compounds (betaines) ([S1](#MOESM2){ref-type="media"}b Fig), and fatty acids and miscellaneous compounds ([S1](#MOESM2){ref-type="media"}c Fig). Further LC-MS analysis using reference standard compounds confirmed the presence of agmatine in all extracts and of indole-3-carboxyaldehyde (I3C) in fruit, leaf, and seed extracts of *M. subcordata* (Table [1](#Tab1){ref-type="table"}). I3C is a breakdown product of glucobrassicin (GluB) (Fig. [2](#Fig2){ref-type="fig"}a), an indolyl glucosinolate previously reported in *M. subcordata* with some aliphatic glucosinolates, stachydrine, and trigonelline \[[@CR35]\]. The detection of I3C only in fruit, leaf, and seed extracts supports our previous report that GluB was detected only in these extracts. Besides, fatty acids with reported PPARγ agonist activity were part of the tentative identification but their definite identification was not accomplished in the present report and needs further work. Some selected candidates that were tested for their potential effect on induction of PPARγ mediated gene expression and/or inhibition of NO production in further experiments are presented in Fig. [2](#Fig2){ref-type="fig"}a-d. Table 1Agmatine and indole-3-carboxyaldehyde in *M. subcordata* extracts. Identified and quantified by LC-MS/MS-MRM and standard calibration curves: (**a**) amount described in microgram per gram dry weight (μg/gDW) and (**b**) extrapolated concentration (μM) in 96 well plate as calculated from the maximum concentration (30 gDW/L) which was applied in the in vitro studies with plant extracts. Rt, retention timeSamplesCompoundsAgmatine; Rt = 0.81 minIndole-3-carboxyaldehyde; Rt = 9.51 minababFruit66.6515.361.320.27Leaf24.515.650.840.17Root13.843.190.000.00Seed42.379.7612.632.61Fig. 2Representative phytochemical groups and constituents identified in *M. subcordata*. Boxes **a** and **b** show glucosinolates and their break down products, box **c** presents guanidines, and box **d** quaternary amines. Dotted boxes show candidates the presence of which was confirmed using standards

Induction of PPARγ mediated luciferase expression by candidate constituents of *M. subcordata* {#Sec18}
----------------------------------------------------------------------------------------------

Different candidate constituents were screened for their PPARγ-mediated luciferase expression potential. The results (Table [2](#Tab2){ref-type="table"}) revealed that α-lipoic acid and some candidate fatty acids such as α-linolenic acid, 9-hydroxyoctadecadienoic acid (9-HODE), and petroselinic acid showed biologically relevant (≥2 fold) induction of luciferase activity while the induction by the other screened candidates was minimal. Table 2Selected candidate constituents in *M. subcordata* screened for their potential induction of PPARγ-mediated luciferase expressionCompoundsConcentration (μM)Fold induction (mean ± SEM)**(a)***Fold induction compared to 1%(v/v) DMSO as the solvent control* Agmatine sulfate1001.35 ± 0.09 N-Acetylagmatine1001.17 ± 0.30 Anthranilic acid1001.89 ± 0.33 Arecaidine hydrochloride1000.95 ± 0.03 Stachydrine hydrochloride1001.04 ± 0.19 Trigonelline hydrochloride1001.09 ± 0.11 Pipecolic acid1000.88 ± 0.02 Indole-3-carboxaldehyde1001.51 ± 0.11 Glucobrassicin potassium101.05 ± 0.08 Ethyl isothiocyanate101.18 ± 0.20 Isobutyl isothiocyanate101.91 ± 0.62 Isopropyl isothiocyanate101.76 ± 0.52*sec*-Butyl isocyanate101.27 ± 0.14 Geranylgeranylacetone25^ϕ^1.0 ± 60.06 Sclareol5^ϕ^1.15 ± 0.12 α-Lipoic acid250**2.16 ± 0.27**\***(b)***Fold induction compared to 1%(v/v) ethanol as the solvent control* Rosiglitazone1**15.09 ± 0.6**\*\* 9-Hydroxyoctadecadienoic acid10^\#^**2.13 ± 0.15**\* α-Linolenic acid100**2.93 ± 0.23**\* Petroselinic acid100**2.22 ± 0.53**\* Azeleic acid1001.31 ± 0.08 Stigmasterol1001.49 ± 0.17^ϕ^highest non-cytotoxic concentration, ^\#^amount of sample was not enough to test higher concentration, \*significant difference from the solvent control: \**p* \< 0.05; \*\**p* \< 0.01

Inhibition of LPS induced nitric oxide production in RAW264.7 macrophages by *M. subcordata* {#Sec19}
--------------------------------------------------------------------------------------------

As a measure of a possible anti-inflammatory effect, the potential inhibition of LPS induced nitric oxide (NO) production in RAW264.7 macrophages by *M. subcordata* methanol extracts and selected candidate constituents identified in these extracts were evaluated. LPS induced NO production was estimated using an equation from a standard calibration curve ([S2](#MOESM3){ref-type="media"}a Fig). To check for any possible influence of the extracts on absorbance at 540 nm or if NO radical scavenging activity by the extracts may contribute to any change in absorbance, a test with and without addition of extracts (10 and 50 gDW/L final concentrations) to the standard nitrite ([S2](#MOESM3){ref-type="media"}b Fig) was done which revealed no noticeable intrinsic influence by the extracts. Figures [3](#Fig3){ref-type="fig"}a and [4](#Fig4){ref-type="fig"}a show results described as %NO production revealing that exposures without LPS (LPS^−^) reflect background levels and the background NO value for all test samples is comparable to that of the medium control. This implies the test samples had no influence on the absorbance reading emanating from intrinsic property or induction of cytotoxicity. To further show that reduction in NO production by the tested samples was not due to cytotoxicity, the cell viability MTT assay was performed, which showed that the extracts (Fig. [3](#Fig3){ref-type="fig"}b) as well as the tested compounds (Fig. [4](#Fig4){ref-type="fig"}b) were non-cytotoxic at the tested concentrations. Finally, to show the net inhibition (free of background values) of NO production by the test samples, results (Figs. [3](#Fig3){ref-type="fig"}c and [4](#Fig4){ref-type="fig"}c ) were described as percent inhibition of NO production. These results show that all *M. subcordata* (fruit, leaf, root, and seed) extracts revealed statistically significant (*p* \< 0.05) inhibition of LPS induced NO production (Fig. [3](#Fig3){ref-type="fig"}c). Also, the tested candidate constituents and aminoguanidine, used as a positive control, inhibited LPS induced NO production (Fig. [4](#Fig4){ref-type="fig"}c). These results obtained (Fig. [4](#Fig4){ref-type="fig"}c) reveal that many of the screened candidates show inhibition of LPS induced NO production, most of them in a concentration dependent manner, albeit to a weaker extent than the positive control, aminoguanidine. While stachydrine tended to show a concentration dependent decline in inhibitory activity, the activity by trigonelline seems to be independent of concentration, if not slightly decreasing with increasing concentration. Fig. 3Effect of *M. subcordata* extracts on NO production in LPS-induced RAW264.7 macrophages. Showing the effect of the tested extracts, as compared to the medium control, on (**a**) NO production by cells with and without LPS (LPS^+^ and LPS^−^) treatments as measured by the *Griess assay*, **(b)** cell viability as measured by the *MTT assay*, and **(c)** description of %inhibition NO production. Data are presented as mean ± SD and asterisks show a significant difference from control (medium + LPS): \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001Fig. 4Effect of *M. subcordata* candidate constituents on NO production in LPS-induced RAW264.7 macrophages. Showing the effect of aminoguanidine (AG) as a positive control, the tested candidates including agmatine (AGM), stachydrine (STA), trigonelline (TRI), indole-3-carboxaldehyde (I3C), and the isothiocyanates (ITCs): methyl- (Met-ITC), ethyl- (Et-ITC), isopropyl- (Isp-ITC) as compared to medium control. (**a**) NO production by cells with and without LPS (LPS^+^ and LPS^−^) treatments as measured by the *Griess assay*, (**b)** cell viability as measured by the *MTT assay*, and (**c)** description of %inhibition NO production. Data are presented as mean ± SD and asterisks show a significant difference from control (0.1%DMSO + medium + LPS): \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001

Discussion {#Sec20}
==========

The present study reports the induction of peroxisome proliferator activated receptor γ (PPARγ) mediated gene expression in U2OS-PPARγ cells and the inhibition of gram-negative bacterial lipopolysaccharide (LPS) induced nitric oxide (NO) production in RAW264.7 macrophages by *M. subcordata* extracts and candidate constituents thereof.

PPARs, a unique set of fatty acid regulated transcription factors that control lipid metabolism and inflammation \[[@CR10], [@CR14]\], have emerged as therapeutic targets to treat various components of the metabolic syndrome \[[@CR10]\]. In this regard, botanicals of dietary or medicinal products have attracted more and more attention owing to their relative effectiveness in upregulating PPAR signalling with fewer significant side effects \[[@CR47]\]. Accordingly, *M. subcordata* fruit, root, and seed parts may provide possible health benefits by this mechanism as extracts from these plant parts were shown to exhibit PPARγ mediated induction of luciferase gene expression.

Metabolic syndrome is a cluster of risk factors often associated with obesity and characterized by macrophage infiltration and activation in adipose tissue and liver \[[@CR10]\]. The nuclear factor kappaB (NF-κB) mediated induction of inducible nitric oxide synthase (iNOS) gene expression is up-regulated in tissues affected by inflammatory responses and in macrophages in response to inflammatory stimuli or pro-inflammatory cytokines that result in overproduction of NO \[[@CR21], [@CR22], [@CR43]\]. Although NO is an important molecule, involved in regulation of many physiological and micro biocide processes, its overproduction is implicated in the pathogenesis of several chronic inflammatory and immunologically mediated diseases, and in complications of diabetes and obesity \[[@CR43], [@CR48]--[@CR50]\]. As NO is a key mediator of inflammation \[[@CR48], [@CR49]\], inhibition of inflammatory stimuli-induced NO accumulation has been suggested as a beneficial therapeutic strategy \[[@CR51]\]. Natural products including medicinal plants provide a vast pool of NO inhibitors \[[@CR52]\]. Likewise, extracts of *M. subcordata* (fruit, leaf, root, and seed) inhibited LPS-induced NO production in RAW264.7 macrophages to a varying extent, with the root extract showing weak inhibition. Since *M. subcordata* is used in traditional medicine to manage infectious and chronic diseases, and since inflammation is a common contributor to the pathology of these diseases, the inhibition of NO production by *M. subcordata* extracts may partly justify its traditional claims and also may show its potential as anti-inflammatory agent. Moreover, selected candidate constituents from this plant exhibited induction of PPARγ mediated gene expression or inhibition of NO production, which may substantiate its anti-inflammatory potential.

In line with the established evidence that endogenous or dietary fatty acids are known ligands of PPARs \[[@CR53], [@CR54]\], the candidate fatty acids α-linolenic acid, 9-hydroxyoctadecadienoic acid (9-HODE), and petroselinic acid showed biologically relevant (≥2 fold) \[[@CR55]\] induction of luciferase activity in the present work (Table [2](#Tab2){ref-type="table"}). On the other hand, although an in vivo study in rats showed that agmatine increased the gene expression (levels of mRNA) of PPARα and PPARγ \[[@CR47]\], both agmatine and its acetyl conjugate did not induce an increase in luciferase expression at the protein level in the present study. This may happen since a gene's mRNA level does not usually predict its protein level \[[@CR56]\] due to unpredictable changes during translation. Stachydrine and trigonelline are constituents of medicinal plants used in traditional medicine for treatment of diabetes and the metabolic syndrome \[[@CR57], [@CR58]\]. Both compounds showed a PPARγ receptor glide score (ligand binding free energy) comparable to synthetic antidiabetic drugs \[[@CR57]\]. Yet, no activity above solvent control was detected for stachydrine in luciferase reporter gene assays of all three PPAR (α, β/δ, and γ) isoforms \[[@CR58]\] while reports on trigonelline seem contradicting. Trigonelline increased insulin sensitivity and enhanced adipose tissue PPARγ activity in diabetic rats in vivo \[[@CR59]\]. However, in in vitro tests, trigonelline showed either no effect \[[@CR60]\] or down regulated \[[@CR61]\] PPARγ gene expression in cultured cells. In line with these reports, both compounds showed no induction of PPARγ mediated luciferase activity above the solvent control in the present study. Overall, most tested candidates, except for some fatty acids, showed no biologically relevant induction of PPARγ mediated-luciferase expression (Table [2](#Tab2){ref-type="table"}) and hence were considered inactive.

Alternatively, most tested candidate constituents including agmatine, stachydrine, trigonelline and some break down products of glucosinolates like methyl-, ethyl-, isobutyl-, and isopropyl-isothiocyanates, and indole-3-carboxyaldyhyde were shown to inhibit NO production in LPS-stimulated RAW264.7 macrophages, albeit to an extent less potent than aminoguanidine, a selective iNOS inhibitor used as a positive control. The candidates that showed little or no PPAR*γ*-mediated luciferase activity, though reported as PPAR*γ* ligands and/or to impact PPAR*γ* functions, inhibited NO production, which may be justified by the fact that the mechanism by which PPARγ and its agonists inhibit iNOS expression and NO production requires ligand-dependent PPARγ SUMOylation \[[@CR16]\] and that the PPARγ gene is not vital for the inhibition of iNOS by PPARγ agonists \[[@CR25]\]. This implies that these candidates may have minor impact on PPARγ mediated gene expression but possible posttranscriptional regulation of PPARγ function.

Several plant derived natural products were shown to exert anti-inflammatory effects via inhibition of the NF-κB/iNOS pathway mediated NO production \[[@CR33], [@CR62]--[@CR65]\]. Therefore, the screened candidate constituents may act by this mechanism and may contribute to the NO production inhibition effect by the extracts. Pharmacological modulation of iNOS activity has been achieved using structural analogs of arginine \[[@CR66]\]. Agmatine (decarboxylated arginine), agmatine conjugates, and related guanidine derivatives ([S1](#MOESM2){ref-type="media"}a Fig) were identified in *M. subcordata*. Reports support that aminoguanidine \[[@CR48], [@CR67]\] and agmatine \[[@CR68]--[@CR70]\] are selective iNOS inhibitors. Both compounds were shown to attenuate the activation of NF-κB and its pro-inflammatory target genes \[[@CR67], [@CR70]\] Therefore, agmatine and its conjugates could have partly contributed to the inhibition of LPS-induced NO production by *M. subcordata* extracts.

Besides, the inhibition by the other constituents such as stachydrine, trigonelline, the candidate isothiocyanates, and indole-3-carboxyaldyhyde could have contributed to the inhibition of NO production by *M. subcordata* extracts, possibly providing additive or synergistic effect as the activity of the extracts seems to be stronger than that of the individual candidate constituents that were tested. Indeed, adequate literature support exists on stachydrine, trigonelline, and the glucosinolate breakdown products. In vitro and in vivo studies show that stachydrine exhibits inhibition of the NF-κB signalling pathways \[[@CR34], [@CR71], [@CR72]\]. Likewise, trigonelline showed antidiabetic effects and counteracted insulin resistance by suppressing inflammation \[[@CR34], [@CR73]\]. Also, ITCs have been linked with lower cancer risk \[[@CR74], [@CR75]\] via suppressing NF-κB signalling pathways that lead to attenuated pro-inflammatory mediators and activities. ITCs were shown to reduce several pro-inflammatory mediators and cytokines, including iNOS, apparently by downregulation of NF-κB signalling pathways \[[@CR74], [@CR76]\].

Taken together, the present study verified the induction of PPARγ mediated gene expression and the inhibition of LPS induced NO production by *M. subcordata* extracts and candidate constituents thereof. Different plant parts contain active compounds that act at multiple targets in the inflammatory response pathways and regulate a multitude of chemical mediators, enzymes, genes or cellular functions to alleviate inflammation \[[@CR30]\] and hence, outcomes of assays that utilize extracts are expected to reflect a net effect of such potential multi-target interactions that may also apply to *M. subcordata* extracts. The PPARγ agonists' ability to inhibit inflammatory responses by repressing NF-κB target genes has been linked to the prevention and treatment of the metabolic syndrome and diabetes \[[@CR77], [@CR78]\]. Likewise, the induction of PPARγ mediated gene expression as well as inhibition of NO production by *M. subcordata* extracts and candidate constituents thereof may imply that *M. subcordata* may have potential anti-inflammatory effects possibly by inhibiting NF-κB signalling pathways although the data in the present study are not enough to claim anti-inflammatory effects and that further studies are required. Results of the present study may also partly explain the use of the study plant in traditional medicine to manage infectious and chronic diseases associated to the metabolic syndrome.

Conclusion {#Sec21}
==========

The present work showed for the first time the induction of PPARγ mediated gene expression by *M. subcordata* fruit, root, and seed extracts and the inhibition of LPS induced NO production in RAW264.7 macrophages by the fruit, leaf, root, and seed extracts and candidate constituents thereof that included agmatine, stachydrine, trigonelline, and glucosinolate breakdown products. Thus, additional in vivo studies on preparations or parts of this plant may be warranted so as to further verify its potential health benefits.
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**Additional file 1: S1. Table.** Compounds tentatively identified as candidate constituents of *Maerua subcordata*. These compounds are reported in the literature to be ligands of PPARγ and/or influence PPARγ functions \[[@CR47], [@CR56], [@CR61], [@CR79]--[@CR91]\]. **Additional file 2: S1. Fig**. Some candidate constituents tentatively identified in *M. subcordata* methanol extracts as displayed on MAGMa interface. (**a**) guanidine derivatives, (**b**) quaternary ammonium compounds (betaines), and (**c**) fatty acids and miscellaneous compounds. **Additional file 3: S2. Fig.** Calibration curves. (**a**) standard calibration curve used to estimate LPS induced nitric oxide production, (**b**) standard calibration curves with and without addition of extracts to the standard nitrite in order to check for false negative/positive results due to possible intrinsic influence of the extracts on the absorbance at 540 nm, the wavelength used to measure levels of nitric oxide.
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